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Transport and magnetic properties in multi-walled carbon nanotube ropes: Evidence 

for superconductivity above room temperature 

Guo-meng Zhao* 

Department of Physics, Texas Center for Superconductivity and Advanced Materials, University of Houston, Houston, Texas 

77204, USA 

Detailed analyses are made on previously published data for multi-walled carbon nanotubes. The 
field dependence of the Hall voltage, the temperature dependence of the Hall coefficient, and the 
magnetoresistance effect (Phys. Rev. Lett. 72, 697 (f 994)) can all be consistently explained in terms 
of the coexistence of physically separated tubes and Josephson-coupled superconducting tubes with 
superconductivity above room temperature. The observed temperature dependencies of the remnant 
magnetization, the diamagnetic susceptibility, and the conductance are consistent with supercon- 
ductivity above room temperature, but are inconsistent with ferromagnetic contamination. We also 
interpret the paramagnetic signal and unusual field dependence of the magnetization at 300 K (Phys. 
Rev. B 49, f5f22 (f994)) as arising from the paramagnetic Meissner effect in a multiply connected 
superconducting network. 



Finding room temperature superconductors is one of 
the most challenging problems in science. It is generally 
accepted that low temperature superconductivity in sim- 
ple metals arises from electron-phonon coupling which 
provides a weak effective attraction for two electrons 
to pair up. This phonon-mediated pairing mechanism 
would lead to a superconducting transition temperature 
T c lower than 30 K according to McMillan's estimate [Q. 
The discovery of high-temperature superconductivity at 
about 40 K in electron-doped Cgo raises an interest- 
ing question of whether the unusually high-T c supercon- 
ductivity in this carbon-based material is still mediated 
by phonons. Alexandrov and Mott [0 estimated that 
the highest T c within a strong electron-phonon coupling 
model is about u>/3, where u> is the characteristic phonon 
frequency. Because u> in graphite related materials is 
about 2400 K 0], it is possible to find room temper- 
ature superconductivity in graphite-related materials if 
the electron-phonon coupling could be substantially en- 
hanced. Pokropivny argued that a whispering mode 
in nanotubes should be responsible for a strong enhance- 
ment of electron-phonon interaction, which might lead to 
room temperature superconductivity. A theoretical cal- 
culation showed that superconductivity as high as 500 
K can be reached through the pairing interaction medi- 
ated by undamped acoustic plasmon modes in a quasi- 
one-dimensional electronic system ||. For a multi-layer 
electronic system such as cuprates and multi- walled car- 
bon nanotubes (MWNTs), high-temperature supercon- 
ductivity can occur due to an attraction of the carriers 
in the same conducting layer via exchange of virtual plas- 
mons in neighboring layers JtJ. Indeed, a strong coupling 
of electrons with high-energy (~ 2 eV) electronic excita- 
tions in cuprates has been demonstrated by well-designed 
optical experiments [|| . These authors also show that the 
strong coupling between electrons with high-energy elec- 
tronic excitations along with strong electron-phonon cou- 



pling is primarily responsible for superconductivity above 
100 K in cuprates in agreement with a recent work 
For MWNTs, the dual character of the quasi-one- 
dimensional and multi-layer electronic structure could 
lead to a larger pairing interaction via electron-plasmon 
coupling and thus to superconductivity at higher tem- 
peratures. Indeed, magnetic and electrical measurements 
on multi-walled nanotube ropes JTo[ ] have provided subtle 
evidence for superconductivity above 600 K. 

Here we provide detailed analyses on previously pub- 
lished data for multi- walled nanotube ropes. We can 
consistently explain the temperature dependencies of the 
Hall coefficient, the magnetoresistance effect, the rem- 
nant magnetization, the diamagnetic susceptibility, the 
conductance, and the field dependence of the Hall volt- 
age jll]] in terms of the coexistence of physically sepa- 
rated (PS) tubes and Josephson-coupled (JC) supercon- 
ducting tubes with superconductivity above room tem- 
perature. We also interpret the paramagnetic signal and 
unusual field dependence of the magnetization at 300 K 
(Ref. |l2]| ) as arising from the paramagnetic Meissner ef- 
fect in a multiply connected superconducting network. 

We first discuss the temperature dependencies of the 
remnant magnetization M r and the diamagnetic suscep- 
tibility for our multi- walled nanotube ropes. The exper- 
imental results from Ref. (!(]] are reproduced in Fig. 1. 
It is apparent that the temperature dependence of M r 
(Fig. la) is similar to that of the diamagnetic susceptibil- 
ity (Fig. lb) except for the opposite signs. This behavior 
is expected for a superconductor. A M r was also ob- 
served by Tsebro et al. up to 300 K jlj|. However, the 
observation of the M r alone does not give unambiguous 
evidence for superconductivity since M r could be caused 
by ferromagnetic impurities and/or ballistic transport. 

We can now rule out the existence of ferromagnetic im- 
purities. If there were ferromagnetic impurities, the total 
susceptibility would tend to turn up below 120 K where 
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the M r increases suddenly. This is because the param- 
agnetic susceptibility contributed from the ferromagnetic 
impurities would increase below 120 K. In contrast, the 
susceptibility suddenly turns down rather than turns up 
below 120 K (Fig. lb). This provides strong evidence 
that the observed M r in our nanotubes has nothing to 
do with the presence of ferromagnetic impurities. 
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FIG. 1. a) Temperature dependence of the remnant mag- 
netization for multi-walled nanotubes. b) The field-cooled 
susceptibility as a function of temperature in a field of 0.020 
Oe. After Ref. @. 

Fig. 2 shows the temperature dependence of the con- 
ductance for a multi-walled nanotube rope, which is re- 
produced from Ref. jll| . We have found the temperature 
dependence of the conductance in our nanotube ropes to 
be nearly the same as that shown in Fig. 2. It is appar- 
ent that the slope of the conductance versus temperature 
curve for the MWNT sample starts to change below 120 
K where both the remnant magnetization and the field- 
cooled diamagnetic signal suddenly increase. This sug- 
gests that the magnetic properties are closely related to 
the electrical transport of the nanotubes. 

Alternatively, assuming perfect conductivity, the 
change in the slope of the conductance below 120 K could 



be due to the increase in the ballistic conduction chan- 
nels. However, this scenario cannot consistently account 
for the observed increase of the field-cooled diamagnetic 
signal below 120 K since perfect conductors cannot expel 
magnetic flux in the field-cooled condition. 
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FIG. 2. Temperature dependence of the conductance for 
a multi-walled nanotube rope, which is reproduced from 
Ref. [jnj. We have found nearly the same temperature de- 
pendence of the conductance in our nanotube ropes. 

In Fig. 3, we show the temperature dependence of the 
Hall coefficient (Fig. 3a) and the field dependence of the 
Hall voltage (Fig. 3b) for a multi-walled nanotube rope. 
These figures are again reproduced from Ref. |jTl| . It is 
striking that the Hall coefficient increases rapidly below 
about 120 K where the slopes of all three quantities in 
Fig. 1 and Fig. 2 suddenly change. The fact that such 
a strong temperature dependence below 120 K was not 
seen in physically separated tubes 0,^5) suggests that 
this is not an intrinsic property of a single tube, but as- 
sociated with the coupling of the tubes. Below we will 
interpret these data in a consistent way by considering 
the coexistence of physically separated (PS) tubes and 
Josephson-coupled (JC) superconducting tubes with su- 
perconductivity above room temperature. 

It is well known that the carbon nanotubes have two 
types of electronic structures depending on the chiral- 
ity | |l6| , |r7| |, which is indexed by a chiral vector (n,m): 
n — m = 3N + ^, where N, n, m are the integers, and 
v = 0, ±1. Tubes with v = are metallic while un- 
doped tubes with v = ±1 are semiconductive. Multi- 
walled nanotubes consist of at least two concentric shells 
which could have different chiralities. Presumably, each 
shell, if isolated and appropriately doped, should ex- 
hibit phase incoherent superconductivity. If the doped 
shells are nested to form a MWNT such that there is 
a sufficient number of adjacent superconducting shells 
that are Josephson coupled, the single MWNT could be- 
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come a phase coherent non-dissipative superconductor. 
Similarly, if phase incoherent superconducting tubes are 
closely packed into a bundle, the bundle could become a 
phase coherent superconductor via Joscphson coupling. 
It is also possible that some tubes are not superconduct- 
ing due to insufficient doping. 





1.20 r 




1.00 5 


o 


0.80 - 






E 


0.60 - 






I 


0.40 - 




0.20 - 



0.00 




50 100 150 200 250 300 
T(K) 




FIG. 3. a) The Hall coefficient versus temperature for a 
nanotube bundle, b) The Hall voltage as a function of mag- 
netic field measured at different temperatures. The solid lines 
are drawn to guide the eye. The figures are reproduced from 
Ref. Q. 

We could classify the tubes in a rope into physically 
separated (PS) tubes and Josephson-coupled (JC) su- 
perconducting tubes with superconductivity above room 
temperature. Since the electronic properties for phys- 
ically coupled nonsuperconducting bundles containing 
tubes with random chiralities have no appreciable differ- 
ences from those for physically separated nonsupercon- 
ducting tubes [jj~8| , we consider all nonsuperconducting 
tubes as physically separated tubes. 
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FIG. 4. a) The Hall coefficient component for physically 
separated tubes (PS), b) The Hall coefficient component for 
Josephson-coupled superconducting tubes (JC). The sum of 
both components is taken to be equal to the data of Fig. 3a 
while the behavior shown in Ref. |14j is used to delineate the 
PS contribution. 

The Hall coefficient for physically separated tubes 
should be positive, as reported in Ref. jlj}. The Hall 
coefficient for a single non-dissipative superconducting 
MWNT should be zero because no vortices could be 
trapped into the single tube whose diameter is much 
smaller than the intervortex distance. The physically 
separated nonsuperconducting and phase-incoherent su- 
perconducting tubes should have a positive Hall coeffi- 
cient similar to that in the normal state. On the other 
hand, vortices can be trapped into Josephson-coupled 
superconducting tubes, leading to a vortex-liquid state 
above a characteristic field that depends on the Joseph- 
son coupling strength. As seen in both cuprates and 
MgB 2 (l!]2(| , the low-field Hall coefficient R H in the 
vortex-liquid state is negative below T c , reaches a min- 
imum at Tfc and then increases towards zero with fur- 
ther decreasing temperature. Below the characteristic 
temperature Tfc, vortices start to be pinned so that the 
magnitudes of the Hall conductivity, longitudinal conduc- 
tivity, the critical current (remnant magnetization), and 
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diamagnetic susceptibility increase simultaneously. This 
can naturally explain why the diamagnetic susceptibil- 
ity, the remnant magnetization, and the Hall coefficient 
simultaneously increase below about 120 K, as seen from 
Fig. 1 and Fig. 3a. 

We can decompose the total Hall coefficient into two 
components: one for Josephson-coupled superconducting 
tubes (JC) and the other for physically separated tubes 
(PS). The PS component is proportional to the measured 
Hall coefficient for physically separated tubes 0] with 
the constraint that, at zero temperature, the magnitude 
of the PS component is equal to the total Hall coefficient. 
The JC component is obtained by subtracting the PS 
component from the total Hall coefficient. Fig. 4 shows 
both the PS and JC components. It is apparent that 
the JC component has a local minimum at T k — 120 K, 
where the total Hall coefficient starts to increase rapidly 
(see Fig. 3a) . The negative value of the JC component re- 
mains up to 200 K, suggesting that the superconducting 
transition temperature is far above 200 K. 
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FIG. 5. a) The Hall voltage component for physically sep- 
arated tubes (PS) at 5 K. b) The Hall voltage component for 
Josephson-coupled superconducting tubes (JC) at 5 K. 

Similarly, as seen in cuprates and MgB 2 (l^j2^,^l[ , the 



Hall voltage Vh in the vortex-liquid state is negative, 
passing through a minimum at B k , and then increasing 
towards the normal-state value with further increasing 
temperature. Below B a , Vh tends to zero. Interest- 
ingly, both B a and Bk can be independently obtained 
from the field dependence of the longitudinal resistivity, 
as described in Ref . |2lJ . 

We can also decompose the total Hall voltage into two 
components: one for Josephson-coupled superconduct- 
ing tubes (JC) and the other for physically separated 
tubes (PS). Plotted in Fig. 5a is the PS component at 
5 K, which is proportional to the measured Hall voltage 
for physically separated tubes H] and matches with the 
low field data shown in Fig. 3b. Fig. 5b shows the JC 
component at 5 K, which is obtained by subtracting the 
PS component from the total Hall voltage. The decom- 
position was performed after the data in Fig. 3b were 
smoothed. We can see that the field dependence of the 
JC component is quite similar to that for cuprates and 
MgB-2 §Jj2(||lJ except that B a in the MWNTs is rather 
small, which may be due to a weak pinning potential. 
Fig. 5b also indicates that the magnitude of Bk is larger 
than 5 T. As discussed below, this is in agreement with 
the longitudinal magnetoresistance data. 

Since the contribution from the physically separated 
tubes is negligible Q, the longitudinal magnetoresis- 
tance at 300 K mainly arises from the Josephson-coupled 
superconducting tubes. From the magnetoresistance 
data at 300 K JllJ and the criterion for determining 
B k 13, we find that B k ~ 3.0 T at 300 K. Using 
Bfc(T) oc (1 - T/T c ) 15 (Ref. f|), B k (5K) > 5 T, and 
B k (300K) = 3.0 T, we find that 300 K<T C < 1070 K. 

Within this two component model, we can also ex- 
plain the unusual magnetoresistance (MR) effect below 
150 K. Because physically separated tubes produce a neg- 
ative MR effect at low temperatures while the Josephson- 
coupled superconducting tubes generate a positive MR 
effect, these opposing contributions from the two compo- 
nents can lead to a local minimum at certain magnetic 
field. This is indeed the case (see Fig. 1 of Ref. H]). At 
high temperatures, the negative MR effect contributed 
from the physically separated tubes should become weak 
so that the positive MR effect contributed from the 
Josephson-coupled superconducting tubes dominates, in 
agreement with the experimental results {LOUTH . 

There are more experimental results that support the 
thesis of room temperature superconductivity in multi- 
walled nanotubes. Fig. 6a shows the temperature de- 
pendence of the susceptibility for a MWNT nanotube 
rope in a field of H = 400 Oc, which is reproduced from 
Ref. jl2| . It is striking that the temperature dependence 
of the susceptibility for the MWNT rope is similar to that 
for a ceramic cuprate superconductor Bi2Sr2CaCu20s+ a 
(BSCCO) in a field of H = 0.02 Oe (see Fig. 6b which is 
reproduced from Ref. (f|]). By analogy, the observation 
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of a paramagnetic signal at 300 K could be explained as 
arising from the paramagnetic Meissner effect below the 
superconducting transition temperature, as observed in 
ceramic cuprate superconductors |2^ | and in multijunc- 
tion loops of conventional superconductors |23|] . 
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FIG. 6. a) Temperature dependence of the susceptibility 
for a MWNT nanotube rope in a field of H = 400 Oe. The fig- 
ure is reproduced from Ref. jl2| . b) Temperature dependence 
of the susceptibility of Bi2Sr2CaCu2 0s+2/ (BSCCO) in a field 
of H = 0.02 Oe . The figure is reproduced from Ref. P2J. 



high- field range The clear "ferromagnetic" signal 

observed only in the low field range |l2| is similar to that 
in the case of granular superconductors p^ j. The "fer- 
romagnetic" signal may be caused by a "ferromagnetic" 
ordering of elementary long-thin current loops p4| ] . The 
critical magnetic field below which the "ferromagnetic" 
state is stable should depend on the number of filaments 
per current loop. The large critical field of about 10 kOe 
in the samples of Ref. |L2| suggests that a current loop 
may correspond to a bundle consisting of a large number 
of tubes. 

In summary, we have made detailed analyses on pre- 
viously published data for multi-walled nanotube ropes. 
The observed field dependence of the Hall voltage, the 
temperature dependence of the Hall coefficient, and the 
magnetoresistancc effect can be consistently explained in 
terms of the coexistence of physically separated tubes 
and Josephson-coupled superconducting tubes with su- 
perconductivity above room temperature. The temper- 
ature dependencies of the remnant magnetization, the 
diamagnetic susceptibility and the conductance are con- 
sistent with superconductivity rather than with ballistic 
transport or inclusion of ferromagnetic impurities. We 
also interpret the observed paramagnetic signal and un- 
usual field dependence of the magnetization at 300 K as 
arising from the paramagnetic Meissner effect in multiply 
connected room-temperature superconducting network. 
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On the other hand, the observed paramagnetic sig- 
nal at 300 K and the M(H) curve below H = 10 kOe 
(see Fig. 7 of Ref. [^2|) could be compatible with the 
presence of ferromagnetic impurities. However, such fer- 
romagnetic impurities should be detectable in the high- 
field magnetization curve by a non-zero intercept in the 
extrapolation for H — » 0. The intercept was found to 
be nearly zero at 300 K in the samples of Ref. JfJ] . In 
our samples [fiof prepared from graphite rods with the 
same purity (99.9995%) as the ones in Ref. JL2J, the in- 
tercepts are negligible throughout the temperature range 
of 250 K to 400 K. For the less pure Ceo and graphite 
samples of Ref. , the contamination of ferromagnetic 
impurities is clearly seen from the M(H) curve in the 
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